Various human activities lead to the pollution of ground, drinking, and wastewater with toxic metals. It is well known that metal ions preferentially bind to DNA phosphate backbones or DNA nucleobases, or both. Foreman et al. (Environ Toxicol Chem 30(8):1810-1818 reported the use of a DNA-dye based assay suitable for use as a toxicity test for potable environmental water. They compared the results of this test with the responses of live-organism bioassays. The DNA-based demonstrated that the loss of SYBR Green I fluorescence dye bound to calf thymus DNA was proportional to the toxicity of the water sample. However, this report raised questions about the mechanism that formed the basis of this quasi-quantitatively test. In this review, we identify the unique and preferred DNA-binding sites of individual metals. We show how highly sensitive and selective DNAbased sensors can be designed that contain multiple binding sites for 21 heavy metal cations that bind to DNA and change its structure, consistent with the release of the DNA-bound dye.
Introduction
Global water pollution by metals originates from natural as well as human sources such as treated and untreated domestic sewerage, mining and land development, industrial and solid waste disposal and agricultural runoff (Destouni and Jarsjö 2018) . In living organisms including humans, metals and other chemical toxicants bioaccumulate as a result of consuming contaminated drinking water and food, particularly fish and molluscs, with toxicant concentrations increasing as they pass along the food chain (Gruber 1989) .
Heavy metals constitute a group of about 40 elements with a density greater than five (Passow et al. 1961) . BToxicityd escribes the degree of ill-health effects in populations of organisms (Tchounwou et al. 2012 ) and the resulting responses across a broad spectrum of organisms resulting from a complex interplay of biochemical, physical, individual and population/community processes in response to an introduced toxicant. Metal ions must be bioavailable (i.e. able to move across biological membranes) before they can initiate an adverse effect (Batley et al. 2004) , and low pH typically increases metal bioavailability (Hyne et al. 2005) . It has been hypothesised that metal ion-induced toxicity inactivates vital processes, inhibits metabolic pathways (Corner and Sparrow 1956 ) and directly or indirectly displaces essential metals from the active sites of macromolecules and/or disrupts depolymerisation or repair of nucleotide bases with subsequent errors in protein synthesis (Tchounwou et al. 2012) .
In this review, we describe the structure and biology of DNA/RNA, followed by its interaction with heavy metals causing toxicity. We then describe the effects of 25 of common heavy metals and how DNA can be used to screen for these metals in the environment.
Structure of DNA and RNA
The following brief discussion of DNA structure is highly relevant to its interaction between heavy metal ions, so we present it for the benefit of readers who are not familiar with this area. DNA is a complex polynucleotide comprising three main constituents:
1. A cyclic sugar (deoxyribose in DNA or ribose in RNA whereby the H-group on the 2′ carbon in DNA is replaced by an OH-group in RNA) 2. A purine or pyrimidine base attached to the 1′ carbon of the sugar group via an N-glycosydic bond. The purine bases are adenine (A) and guanine (G) and the pyrimidine bases are thymine (T) and cytosine (C) 3. A phosphate moiety, responsible for the strong negative charge of nucleotides, attached to the 5′ carbon of the sugar by a phosphoester bond (Watson and Crick 1953) . RNA contains these same bases with the exception that uracil (U) replaces T (see Fig. 1 ). The linear sequence of nucleotides is referred to as the primary structure of DNA or RNA.
Double-stranded DNA (dsDNA) is formed when A pairs with T (via two hydrogen bonds) and C pairs with G (via three hydrogen bonds). The stereochemistry of the bases linked by hydrogen bonds results in a dsDNA helix with the bases buried in the hydrophobic centre and the sugar-phosphate backbone on the outside. The molar concentration of A = T and G = C, from which also it is can be deduced that A + G = T + C (pyrimidines = purines). This same principle is true in RNA except T is replaced by U so that A = U. This interaction between BPs is referred to as the secondary structure of the DNA or RNA.
Segments of dsDNA are capable of interacting with other segments to form helix structures and minor and major grooves. These structures are referred to as the tertiary structure of DNA. There are three biologically active forms of dsDNA helices, namely α-, β-and Z-helices. The most common, β-DNA, forms a right-handed helix, at neutral pH and physiological salt concentrations, with sugar base pairs (BPs) oriented at right angles to the helix. α-DNA is also a right-handed helix, but in contrast to β-DNA, α-DNA is wider and shorter, its BPs are not arranged at right angles to the helix, its structure is more compact with more BPs per turn, and there are fewer structural similarities between its major and minor grooves. α-DNA typically is formed during conditions of DNA dehydration, such as that used to promote crystallisation of dsDNA. The Z-helix (so named because of its zigzag-shaped backbone) is distinct from both α-or β-DNA in structure on account of its lefthanded helix. Double-strand RNA (dsRNA) has 11 base pairs (BPs) per turn (compared to 10 in β-DNA) with its bases tilted 30°with respect to the helical axis (Lescrinier et al. 2003) .
The twisting of dsDNA when a helix is formed creates minor (smaller) and major (larger) grooves. The size and exposed regions of DNA within these grooves dictate the type and strength of bonds with free molecules that are present in the surrounding solution. Indeed, many proteins and drugs target a specific type of minor or major groove (SavreuxLenglet et al. 2015) . Furthermore, changes in the minor groove width are likely critical in allowing changes in DNA structure that occur when DNA binds to monovalent cations (Savelyev and MacKerell 2015) .
Heavy metal ion toxicity
Metal cations bound to DNA (at electron-dense rich sites) are classified as exclusively phosphate-binding (alkali and alkaline earth metals such as K(I), Ca(II), Mg(II) Ba(II)), exclusively base-binding (Ag(I) and Hg(II)), or those that bind to both components of DNA with affinities in the order Co(II)~Ni(II) < Mn(II)~Zn(II) < Cd(II) < Pb(II) < Cu(II) (Duguid et al. 1993; Izatt et al. 1971; Shin and Eichhorn 1968; Sissoeff et al. 1976 ). The exclusive binding of metal cations to DNA bases is based on the formation of energetically favourable linear coordination complexes. In contrast, metal cations that bind simultaneously to the base and phosphate moieties of DNA are governed by the nucleophilicity of the binding site and the coordination geometry of the metal cations (Moldrheim et al. 1998) . Fluctuations in nucleophilicity of the most reactive DNA binding site, G-N7, is thought to be a consequence of variation in π-stacking interactions between base residues along the dsDNA (Šponer et al. 2008) .
Whilst the DNA conformation determines the number of binding sites (Sissoeff et al. 1976) , binding of metal cations deforms the DNA structure via mechanisms that include degradation, chain lengthening (Sissoeff et al. 1976 ) and helix-to-coil transitions. Metals with strong base affinities disrupt hydrogen bonding between BPs to destabilise β-DNA structures and cause alternative conformations (Izatt et al. 1971) . Metals with strong phosphate affinities stabilise β-DNA via charge neutralisation of the sugar-phosphate backbone (Duguid et al. 1993) . Alkaline earth metals bind BPs with lower affinity than transition metals, possibly due to altered electronic distributions within the DNA (Duguid et al. 1993) . After a critical fraction of the DNA phosphate charge has been neutralised by the adsorption of cations, competition occurs between cations that induce DNA condensation (3+ or 4+) and reversing (1+ or 2+), as predicted by Manning's (1978) theory of atmospheric cation binding to DNA (Pack 1982) . The intrinsically electrostatic forces between DNA chains are adsorbed by metal cations above a critical concentration leading to a condensed phase of DNA (Koltover et al. 2000) .
Mercury
DNA-Hg(II) binding to DNA bases occurs via preferred Hg(II)-(thymidine) 2 complexes that cross-link the dsDNA by binding to alternating d(AT)n polymers (Duguid et al. 1993; Izatt et al. 1971; Katz 1963) . Hg is capable of disrupting hydrogen bonds by forming N3-Hg(II)-N3 bonds with structural changes in the DNA that depend on the density of Hg(II) within the DNA (Moldrheim et al. 1998; Sissoeff et al. 1976; Yamane and Davidson 1962) . Hg(II) also cross-links base pairs (BPs) in DNA (irrespective of its base composition) via deprotonation of A and C amino groups and T-N3 and G-N1 groups (Moldrheim et al. 1998; Nandi et al. 1965) .
Hg(II) binds BPs with the following preference: T > G > > A, C (Gruenwedel and Cruikshank 1990) . This allows Hg(II) to significantly stabilise naturally occurring T-T miss-pairing in dsDNA (Tanaka et al. 2007) . The ability of the T-Hg(II)-T pair to stabilise hairpin dsDNA flanked by self-complementary sequences results in a more stable and preferred Hg(II)-complex than A-Hg(II)-T cross-linked pairs (Kuklenyik and Marzilli 1996; Miyake et al. 2006 ). Hg-BP binding has been reported to occur at N1, N3, N7, N9, C8, and exocyclic NH 2 (Onyido et al. 2004) . Hg(II) weakens BP hydrogen bonds and replaces them by chelation into σ electron pairs of nitrogen atoms in a linear = N-Hg(II)-N = configuration (Matsuda and Takeuchi 1967; Yamane and Davidson 1962) . Although Hg(II) selectively binds to A-T BPs (with a strong 5′-T-pyrimidine bias), Hg-DNA complex formation is driven by energetically favourable linear coordination complexes rather than nucleophicity (Moldrheim et al. 1998) . Whilst the secondary structure of DNA remains intact (Onyido et al. 2004) , Hg(II) changes β-DNA through C-DNA to Z-DNA (Gruenwedel and Cruikshank 1990) .
From the foregoing, it is clear that for DNA-based detection of Hg in water, the DNA secondary structure should be preserved following the removal of Hg(II) from the DNA molecule. Such restoration of conformation has been reported for calf thymus DNA changing from β-DNA, to C-DNA, and Sugar phosphate backbones (grey) are aligned 3′ to 5′ in an anti-parallel fashion as shown. These sugars are deoxyribose and ribose in DNA and RNA, respectively. Furthermore, thymine is replaced by uracil in RNA, but both are capable of forming base pairs to adenine. Although RNA may form transient secondary structures that are double stranded, it is typically single-stranded. Copyright (2018) Nature Education then to Z-DNA conformations (Gruenwedel and Cruikshank 1990) . Significantly, methyl mercury [CH 3 Hg(II)] irreversibly converts dsDNA into ssDNA. Therefore, DNA-based sensors that quantify total Hg content of a sample must be able to distinguish between the varying states of Hg on the sensorsignalling mechanism.
Chromium
Environmental Cr exists mostly as Cr(IV) and Cr(III) (Cohen et al. 1993; Zhitkovich et al. 1996) . Cr(III) preferentially binds to the exterior of DNA via phosphate moieties to form an octahedral geometry that is impermeable to cell membranes and is non-toxic (Izatt et al. 1971) . In contrast, Cr(IV) forms the tetrahedral di-anion, chromate capable of entering cells (Tsapakos and Wetterhahn 1983) , where it is reduced into unstable and reactive Cr(V) or Cr(IV) that eventually form Cr(III) (Haight Jr et al. 1971; Tsapakos and Wetterhahn 1983) . The oxidative stress involved in such potent intracellular reduction may account for the toxicity and carcinogenesis of Cr(VI) (Kortenkamp et al. 1996a, b; Zhitkovich et al. 1996) through DNA interactions such as strand ligation (Sugden 1999) .
Cr(IV) preferentially binds to G-containing BPs and does so via phosphate moieties or the N-7 group of purine BPs in the major groove of B-DNA. Cr(IV) also induces crosslinking between DNA and proteins and strongly prefers ssDNA over dsDNA (Tsapakos and Wetterhahn 1983) . This behaviour implies Cr(IV) DNA sensors must avoid selfcomplementary sequences which may fold to form dsDNA regions. Importantly, the interaction between Cr(VI) and DNA oligos is thermodynamically and kinetically unfavourable between pH 7.0 and pH 7.4, because both species are negatively charged (Tsapakos and Wetterhahn 1983) . Thus, without a natural microsomal/NADH or synthetic reducing system, a DNA-based sensor would likely lose binding sensitivity within this pH range.
Cobalt
The four main species of cobalt that interact with DNA are metallic cobalt (Co), tungsten carbide in a Co matrix (WCCo), Co(II) (as CoCl 2 ) (Izatt et al. 1971; Lison and Lauwerys 1994) , and Co(III). WC-Co and Co predominantly damage DNA via reactive oxygen species. Co(II)-adenine complexes involve the C6^2 and N7 groups with two additional OH groups bound to Co(II). As shown in Fig. 2 , Co(II) exclusively and directly coordinates to N-7 moieties of guanine in an octahedral geometry, and also incomplete hydration shells Izatt et al. 1971) . Such interactions may induce significant conformational changes in either β-DNA or α-DNA. This highlights the importance of having DNA probes in sensors with initial conformation that are carefully designed and controlled.
Whilst crystallographic studies examine DNA in a different state compared to DNA in solution, some of the observed binding behaviour might be extrapolated into DNA-metal interactions that occur in water. Such behaviour might be used as the logical starting point for the design of selective DNA probes. One notable study examined Mg forms of 'native' CGCGCG and CGCGTG Z-DNA oligocrystals . The stronger DNA affinity of Co(II) to G-N 7 groups in the CGCGTG oligo causes Co(II) to displace Mg(II) and Na(I) ions (that were initially bound to the oligo). During this displacement interaction, two Co(II) ions bind to separate G bases (G 4 and G 8 ), while a third Co(II) ion binds simultaneously to two other G bases (G 10 and G 12 ). In the CGCGCG oligocrystal, three Co(II) ions coordinate with G 4 , G 6 and G 10 bases, with some incomplete hydration shells. The hydration shell of Co(II) invokes conformational changes in both α-and β-DNA because of van der Walls clashes and steric interference at the Co(II) binding pocket). In α-DNA, the preferred G-N 7 groups are inaccessible to Co(II) (and other small metal ions such as Ni(II)) due to the N 7 group being buried very deeply in the narrow major groove of DNA. Coordination of these ions (surrounded by their hydration shells) would create unfavourable contacts and significantly destabilise the DNA helix (Jia and Marzilli 1991) , whilst larger metal cation such as Ba(II) or Pb(II) may bind to G-N 7 or G-0 6 groups without significantly affecting the DNA structure (Gao et al. 1995) .
Compared to Co(II), Cu(II) assumes a trigonal planar coordination geometry with three water molecules whilst simultaneously binding to G 12 -N 7 and G 10 -N 7 groups in the CGCGTC oligo. The third hydrated coordination site of Cu(II) links the G 12 -O 6 and G 10 -O 6 groups (similar to Ba(II)), which suggests Cu(II) is capable of pulling G away from the helix axis in the CGCGTC crystal lattice without destabilising the crystal. Such clear differences in DNAbinding behaviours provide a basis for the logical construction of highly selective DNA sensor probes that are able to differentiate the atomically similar Co and Cu ions. Copper G-N7 is typically the most reactive base interaction site for cations that bind both phosphate and base DNA sites (Izatt et al. 1971; Shin and Eichhorn 1968) . Amongst metals that binds both nucleotide bases and phosphates, Cu(II) has the strongest affinity for bases (Duguid et al. 1993; Shin and Eichhorn 1968) . This affinity can destabilise DNA regions that are rich in GC more so than AT-rich regions (Zimmer et al. 1971) . The high affinity can also cause dsDNA helix unwinding in the presence of other salts (Izatt et al. 1971) . Cu(II) binds to bases in the order G > A > C > T (Fiskin and Beer 2002) . Cu(II) has also been seen to stabilise the single helical form depending on the relative amount of electrolytes and non-complementary C-A base pairs (Sponer et al. 1999) . Therefore, minimising the accessibility of G-N 7 groups and maximising (GC) n -rich regions in the DNA probe will likely optimise the specificity for Cu(II) in DNA-based sensors.
Two main models describe Cu(II)-dsDNA complex structures. The first (Fig. 3) suggests Cu(II) intercalates between two G-C BPs and two adjacent guanine residues in the same strand ( Fig. 3a) with subsequent breaking of hydrogen bonds, loosening of base-base interactions and tilting of the plane of the bases (Fig. 3b) (Zimmer et al. 1971 ). The second model suggests Cu(II) binds between G-N7 and the closest phosphate group of the same strand (Duguid et al. 1993; Richard et al. 1973) and that β-DNA is not structurally distorted after Cu(II) is bound to two adjacent G residues due to interactions between ligands of the adjacent complexes (Geierstanger et al. 1991) . It is therefore likely that introducing dsDNA GC produces a mismatch in DNA-based sensor leading to a decrease in the stabilisation of Cu(II) binding. Alternatively, the DNA may be deliberately destabilised via pH, temperature or salt changes in solutions suspected of containing Cu(II). DNAbased sensors in this case may be interpreted as an increased DNA stability, i.e. a 'positive reading' for the presence of Cu(II).
Cu(II) assumes a trigonal planar coordination geometry with three water molecules when simultaneously bound to the N-7 sites of both G-10 and G-12 G bases of a Z-DNA CGCGTC oligonucleotide ). The third hydrated coordination site of Cu(II) bridged the O-6 atoms of both G bases (similarly to Ba[II]), which suggests Cu(II) is capable of pulling G away from the helix axis in the CGCGTC crystal lattice without destabilising the crystal.
Aluminium
Al typically exists as either Al(III) or insoluble Al (Macdonald and Martin 1988) . Al(III) irreversibly unwinds DNA (Rao and Divakar 1993) , by interacting more strongly with phosphate groups stronger than most metal ions in acidic solutions and forms strong bis-complexes that promote BP stacking (Kiss 1995; Kiss et al. 1991) . In addition to phosphate groups, Al(III) also interacts with the alcoholic hydroxyl group(s) of ribose or deoxyribose, or to carbonyl O and/or N ring donors in the nucleotide bases (Harris et al. 1996; Kiss 1995 (Karlik et al. 1980 ). Three of these hydroxylated states are shown in Fig. 4 ( Karlik et al. 1980) . Clearly, Al ions that constitute complex 1 are more hydroxylated than those seen in complex 2. Not only does the stability constant for the formation of Alphosphate exceed most metal ions at pH ≈ 4 (including Cu [III] ), but Al(III) also forms strong bis-complexes (Kiss et al. 1991) . At low millimolar concentrations, bis-complex formation neutralises the repulsive charges in minimally stacked BPs in DNA. Subsequently, this increases the density of BP stacking to promote bis-complex formation (Kiss 1995) .
Complex 3 is a hybrid of complexes 1 and 2 with both Al(III) and Al(OH) 2+ simultaneously binding to the DNA. (Yamane and Davidson 1962) . It is likely that an Al DNAbased sensor will require the selection of at least three different DNA probes to compensate for these three modes of DNA binding. Additionally, the field sample may need to have their pH adjusted from neutral pH values to avoid Al-induced DNA precipitation.
Scandium, yttrium and selected lanthanides
La(III) and selected lanthanides (Ce(III), Tb(III) and Dy(III)) bind to DNA oligo nucleotides preferably at GC-rich and at phosphate oxygen groups (Rossetto and Nieboer 1994) . Such binding resulted in biphasic transitions of the conformation of the DNA with strengths that are weaker than those observed for Ag(I), Hg(II), Pd(II), Pt(II) and Ru(III), Cd(II), Cu(II), Co(II), Mn(II), Ni(II), Pb(II), Zn(II), Fe(III) or In(III) complexes. Other lanthanides (Pr, Eu, Gd, Tb, Lu and Sm) bind to DNA and yeast phenylalanine transfer ribonucleic acid (YPtRNA) phosphate oxygen groups, rather than forming direct coordination complexes to bases like the other lanthanides (Kim et al. 1985) . Dimeric forms of Y, and Nd, participate in active dsDNA-catalysed DNA degradation, whilst monomeric complexes displayed no activity (Bligh et al. 2001 ).
La has similar chemical properties to the alkaline earth elements with (Das et al. 1988) . La(II) precipitates DNA by binding to phosphate groups of adjacent DNA chains (Das et al. 1988; Stern and Steinberg 1953) . It possesses multiple DNAbinding sites, interacts with DNA in a dose-dependent manner (Das et al. 1988) and binds DNA in a 1:9 ratio (similar to Nd) (Kerner and Anderson 1955; Rosoff and Spencer 1979) .
The actinide, Sc, almost exclusively exists as Sc(III) but can form species with various valences (Corbett 1981; Dudis et al. 1986; Takahashi et al. 1995) . Due to its smaller ionic size to the lanthanide series, Sc ions display lower coordination numbers than larger lanthanides. The ionic radii of sixcoordinate Sc(III), La(III) and Lu(III) are 0.745 A, 1.032 Å and 0.861 Å respectively (Mioduski 1993) . Interestingly, some rare earth cation-DNA complexes have characteristic colours. For example, Nd-DNA solutions are pale pink, Pr-DNA is pale green, while Y, Sm and La DNA complexes were reported to be colourless (Stern and Steinberg 1953) . Additionally, strong absorption bands in the visible spectrum for Nd (510-512. 520-525 and 570-590 nm) and Pr (440-450, 465-470 and 475-480 nm) were observed, whilst the addition of both Nd and Pr to the DNA produced different band patterns (440-450, 465-470, 520-525 and 570-575 nm). When dried, the DNA preparations were white and appeared similar to asbestos fibres. This suggests that spectral DNA-based sensors are not possible unless algorithms can distinguish between the many overlapping spectral bands observed in mixtures of the rare earth lanthanides. The influence of other metals and non-metals would also need to be anticipated and evaluated before they are incorporated into a DNA-based sensor.
Platinum
Importantly, Pt(IV) exclusively binds to YP-tRNA where there are two adjacent BC-A^BPs to form three possible types Fig. 4 Three pH-dependant Al complexes with DNA (Karlik et al. 1980) . High pH and the formation of A1(OH)2+ is required for the formation of complex 1, which stabilises the dsDNA. In contrast, low pH values (~pH 3.5-5.5) promote Al(III) formation and binding to BPs (complex 2) which irreversibly destabilises, cross-links, and unwinds DNA in a manner similar to Hg(II) (Karlik et al. 1980; Macdonald and Martin 1988; Wu et al. 2005) of complexes YP-tRNA (Kim et al. 1985) . In the first binding mode of Pt(IV) to YP-tRNA, Pt(IV) binds to N-4 of cytosine and N-7 of adenine with hydroxylation of the remaining coordination sites. The second mode of Pt(IV)-YP-tRNA binding involves binding directly to N-4 of cytosine and N-7 of adenine. A third coordination site of Pt(IV) between the terminal O-3′ (or O-2′) of adenine (YP-tRNA residues 76) and the adenine of YP-tRNA residue 36 of an adjacent molecule.
Despite the obvious different sugar moieties (ribose in RNA and deoxyribose in DNA), the above evidence warrants a thorough study of Pt-DNA interaction, which focus on the AC motifs, and A-A mismatches. Emphasis should focus on the initial conformation of DNA probes due to the effect of β-and Z-DNA conformation on cis-Pt(II) coordination (Rossetto and Nieboer 1994) . Pt binding to β-DNA induces intra-strand cross-linkage between two G residues separated by a C BP, to convert the DNA into a distorted Z-helix. By comparison, the same cis-Pt(II) ion induces a mono-dentate Z-type adduct if the DNA was originally in the Z-helix conformation. This behaviour is especially problematic to DNA-based sensors if non-target molecules in test samples affect the DNA conformation of the original DNA. To further complicate matters, the stoichiometry and reactivity of Pt to DNA is significantly affected by the number of reactive ligands within its coordination sphere (Macquet and Theophanides 1975) . Interestingly, intra-or intermolecular condensation increase Pt(II) binding to DNA (Macquet and Theophanides 1975) . It has also been suggested that Pt(II), and the chemically similar Pd(II), initiate intra-strand and inter-strand cross-linkages in (GC) n oligos (Lippard 1982) .
Silver
Unlike Hg(II), low concentrations of Ag(I) do not alter β-DNA conformation (Nordén et al. 1986 ). At higher Ag(I)-DNA ratios, BP orientations are significantly tilted/twisted to fold and alter the flexibility of the DNA (Nordén et al. 1986; Wilhelm and Daune 1969) . Similar to Cu(II), Ag(I) induces DNA folding and accompanying decreases in native DNA rigidity (Wilhelm and Daune 1969) . When binding to DNA, Ag(I) does so reversibly and with a preference for both GC-rich regions and denatured DNA by participating in at least three different cation-DNA complexes (Jensen and Davidson 1966) . The first Ag complex (complex I) occurs in a GC-dependent manner where the ratio of Ag/nucleotide being less than 2 and is characterised by a GC-Ag(I)-base Bsandwich^ (Sissoeff et al. 1976) . Ag(I) has a high affinity and stabilises C-C miss-matched BPs in dsDNA to produce CAg(I)-C BPs (Izatt et al. 1971 ) by binding to N-7 or N-3 of alternate BPs (Yamane and Davidson 1962) .
The formation of a second Ag complex (complex 2) (Fig. 5) is conditional both upon the ratio of Ag/nucleotide being between 0.2 and 0.5 and also conditional upon no bases are affected by complex I formation. As shown in Fig. 5 , Ag(I) binds between A-N 1 and T-N 3 groups within AT base sequences, and also binds between G-N 7 or G-N 3 groups in GC base sequences (Izatt et al. 1971; Yamane and Davidson 1962) , forming a stabilised reverse Hoogsteen CA BP (Sponer et al. 1999) . Complex 2 forms weaker bonds than complex 1, and also displays different binding characteristics depending on whether the DNA is natural or synthetic oligos such as (AT)n (Yamane and Davidson 1962) . Complex III (and higher complexes) are formed at pH > 7 higher densities of metal within the DNA and are characterised by the formation of DNA precipitation (Izatt et al. 1971) . These complexes can be perhaps incorporated into the logical construction of DNA probes for DNA-based sensors.
Tin
Sn is a potent DNA-DNA and DNA-protein cross-linking agent because it binds to two or more ligand groups and because it can extend its linking range via Sn-Sn or Sn-O bridges (Veith and Recktenwald 1982) . Different organic Sn(IV) complexes form interesting complexes with DNA (Barbieri et al. 1999; Casini et al. 2001; Silvestri et al. 2000) . Sn(IV), without cleaving the dsDNA, directly coordinates to oxygen atoms of the negatively-charged DNA phosphate groups (Li et al. 1996) via electrostatic interactions (Arjmand and Jamsheera 2011) . Additionally, Sn(IV) can effectively neutralise the negative charges of the phosphate sugar backbone (Tabassum and Pettinari 2006) . DNA-based probes for Sn(IV) should therefore capitalise on the long Sn-Sn or Sn-O bridges, by immobilising very short oligos onto suitable substrates. Additionally, Sn(IV) binding to these oligonucleotides can delocalise enough electrons/charges on the immobilisation surface so that Sn binding events can be detected using voltammetry or another technique to produce a sensor with exceptional Sn selectivity and sensitivity.
Uranium
Although uranyl, UO(II), is the most soluble species, U exists in many species in aqueous solutions (Lee et al. 2008) . Uranyl prefers to break ssDNA and form adducts in DsDNA (Yellowhair et al. 2018 ) and link phosphate groups on opposite strands of the minor groove of DNA (Nielsen et al. 1992) . A direct catalysed hydrolysis of DNA by UO 2 (II) occurs upon coordination with adenosine BP and α-phosphate groups of the DNA backbone (Yazzie et al. 2003) . This only occurs however, when both these groups are part of the same molecule and are geometrically aligned in a favourable manner for chelation (Izatt et al. 1971 ). Therefore, a sensor for Uranium would need to provide individual binding pockets cater for the various DNA-binding characteristics of UO2+ and the many other U aqueous species.
Lithium
Amongst the alkaline metals, DNA binding-affinity is approximately in the sequence order: Cs(I) > Li(I) > Na(I) > K(I) (Lyubartsev and Laaksonen 1999; Ross and Scruggs 1964) . Li(I) typically coordinates with water and phosphate groups in the minor grooves of DNA helices in differing ways in a BPdependent manner (Lyubartsev and Laaksonen 1999) . Of the three Li(I)-Adenine complexes, the first and most stable complex is a five-membered ring that links A-N 6 and A-N 7 (Lee 2002 
Rubidium and caesium
Rb(I) and Cs(I) interact with T-O 4 and T-O 2 groups with a slight preference for the T-O 4 group due to the close proximity of the sugar moiety to the T-O 2 binding site (Marino et al. 2010) . These two ions also display nucleobases-specific behaviours. For example, Rb(I)-C and Cs(I)-C binding results in four stable complexes, with the most stable complex being a mono-coordinated C-O 2 complex (Marino et al. 2010) . In addition, six stable Rb(I)-G and Cs(I)-G complexes have been found, with Rb(I)-G 12 and Cs(I)-G 12 being the most stable.
Overall, Rb(I) and Cs(I) display the highest affinity for G, with BP affinities in the order of G > C > T > U > A (Marino et al. 2010 ). This trend is typical amongst alkaline earth metals, along with a general decrease in BP affinity with increasing atomic number (Zhu et al. 2004) .
Cs(I) binds directly to the O 18 atoms of DNA sugars in the minor groove (Lyubartsev and Laaksonen 1999) . Cs(I) at high concentrations does not break hydrogen bonds of BPs in (dAdT) n oligonucleotides nor does it cause altered overlap geometries (e.g. altered dsDNA structures) (Patel et al. 1981) . Importantly, one study reported Cs forms a unique Gpentaplex when complexed to isoguanine-rich DNA (Lin et al. 2016) . Isoguanine is an analogy of G, whereby the carbonyl and amino groups are swapped.
By carefully introducing sugar moieties into synthetic nucleotides, a specific Rb(I)/Cs(I) sensor might be devised. Differentiating Rb and Cs using DNA probes, given their similar DNA-binding properties, will likely rely upon the Cs-unique G-pentaplex formed with isoguanine-rich DNA. Complicating the differentiation between Cs and Rb ions is the preferential binding of both ions to minor grooves of dsDNA that contain A n tracts (Stellwagen et al. 2005 ). Care will be needed when considering the stability of Rb and Cs complexes relative to other metals, and that reiterative selection may prove useful in finding specific DNA probes for these two metals.
Nickel
Ni in its common speciation Ni(II) interacts essentially the same as Mn(II) and Co(II), with the affinity of Ni(II) for base sites being similar to Co(II) (Shin and Eichhorn 1968) . Co(II) and Ni(II) also have octahedral solvation shell dimensions similar to Mg(II) (Abrescia et al. 1999) . Both Co(II) and Ni(II) have a strong affinity for the N7 atom of guanine (Abrescia et al. 1999) . Such interactions cannot occur within standard α-or β-dsDNA, but instead occur only at terminal or extra-helical G bases . The resulting complex is characterised by G-N 7 -Ni-N 7 -G bridges, which may at times have an extra cation to stabilise the interaction with the dsDNA (Abrescia et al. 1999) . Ni has been recently shown to intercalate between BPs in DNA (Wu et al. 2012 ). Destabilisation of dsDNA by Ni may be used to dislodge reporter molecules (such as fluorescent dyes (Foreman et al. 2011) ) into solution from within the DNA molecule to provide a measurable change in quantum yield/signalling. The question to ask is whether DNA conformation changes are significantly varied between metals to facilitate differentiation between Ni(II), Mn(II) and Co(II) and other metals in solution.
Manganese
Mn(II) probably binds to DNA bases and phosphates at high and low concentrations (respectively) (Shin and Eichhorn 1968) and forms chelates between G-N7 and a phosphate as indicated by the decreased helix stability of Mn(II)-DNA complexes (Richard et al. 1973) . It has been reported that below pH 6.4, Mn(II) induces C-DNA conformation changes most likely without direct chelation (Polyanichko et al. 2004) . Mn(II)-DNA complexes open DNA secondary structures and disturb local conformational changes in close proximities of GC pairs via G-N7 binding (Sissoeff et al. 1976) . Like Cu(II) and Zn(II), Mn(II) stabilises random coil and DNA helix structures due to its strong affinity for base interactions that hold complementary strands in close proximity as well as strong phosphate binding affinities. This conserves large proportions of dsDNA structure during unwinding associated with heating and cooling cycles (Shin and Eichhorn 1968) . Conformational transitions from β-DNA to C-DNA have been documented in solution at the molar ratio Mn(II): DNA-phosphates between 0.1 and 1.5 (Polyanichko et al. 2004) .
Strong similarities between Mn(II) and Zn(II) are observed following the NMR spectral analysis of Mn(II) binding specificity to the Dickerson dodecamer via G-N7 interactions (G4 > > G2, G10, G12) (Montrel et al. 1998) . Mn(II) prefers binding to the minor groove of the 5′-most ApA step in a TnAn sequence element such as the AATT sequence in Dickerson dodecamer Feigon 1997, 2002) .
Zinc
Zn(II) binds to G-N7, but probably not as a G-Zn(II)-G sandwich or GN7-ZN(II)-GN7 cross-linking complex (Jia and Marzilli 1991) . N7-Zn(II)-N7 chelate and G-Zn-G sandwich structures are not observed in 1 H NMR studies, and nor are there any suggestions of phosphate groups or A residue binding by Zn(II) (Jia and Marzilli 1991) . Additionally, correlations of Tm values to DNA GC support Zn(II) binding to bases (but with lower base-specificity compared to Cu(II). Zn(II) can stabilise random coil or single helical forms (Sissoeff et al. 1976 ) and can reversibly unwind and rewind DNA upon heating and cooling respectively (Izatt et al. 1971) . DNA melting profiles in solution suggest that Zn(II) holds the strands of the dsDNA in close proximity so as to permit helix formation on cooling (Shin and Eichhorn 1968) . Weaker base binding of Zn(II) results in rewinding without needing to add concentrated electrolytes (Izatt et al. 1971) .
Zn(II) displays incredibly high binding specificity to d(CGCGAATTCGCG) 2 (with a G selectivity of G4 > > G2, G10 and G12) (Montrel et al. 1998) . Zn(II) also binds to d(ATGGGTACCCAT) 2 with a specificity in the order of G3,G4 > > G5,A (Jia and Marzilli 1991) . G in 5′-(G-Pu) steps is most favourable for Zn(II) binding (Montrel et al. 1998 ). Binding mechanisms have been previously proposed as illustrated in Fig. 6 (Izatt et al. 1971 ).
Cadmium
A recent review has suggested that there is a general consensus ion of Cd(II) ion is a human carcinogen (Hartwig 2010) , which mediates its carcinogenicity predominantly via multiple distinct protein-based mechanisms. The review suggests the presence of several categories of targets that are influenced by Cd, such as anti-oxidative pathways, DNA repair processes, and acting as a tumour suppressor and in the signal transduction of proteins. However, some studies suggest that Cd(II) covalently binds to N-7 moieties of A and G and possibly forms intra-strand bi-functional AT adducts (Hossain and Huq 2002) . Similarly to Fe(II), Cd(II) chelates to DNA between G-N7 and a phosphate group (Sissoeff et al. 1976 ). Cd(II) promotes DNA renaturation by forming sandwich complexes between two adjacent G bases (Richard et al. 1973) . Cd(II) also forms Cd(II)-base bonds that are strong enough to remain intact (contrary to Zn [II] ) and subsequently prevent regeneration of the double helix upon heating-cooling experimental protocols (Shin and Eichhorn 1968) .
Iron
At low pH, Fe(III) forms an octahedral arrangement of oxygen atoms when complexed to AMP, ADP, or ATP (the formation constant increases in this sequence) which indicates significant binding only to the phosphate moieties (Izatt et al. 1971) . Interestingly, at pH 7, one or more ring nitrogen atoms have replaced oxygen donor atoms on the Fe(III) (Izatt et al. 1971) . Although Fe(II) binds to phosphates rather than the interior DNA base sites, it remains unclear whether Fe(III) binds to the interior base or exterior phosphate sites (Izatt et al. 1971) . The difficulty in identifying the exact mechanism(s) of Fe(II) and Fe(III) complex formation to DNA or RNA probably is due to the responsiveness of Fe complex formation to experimental conditions such as pH, temperature and presence of other cations (Izatt et al. 1971) Lead Pb(II) creates double bonds between DNA BPs. It also removes protons from the T methyl groups and from each of the C-H bonds of 2-deoxyribose (Cooke et al. 2003) . This leads to single-or double-strand breaks, purine, pyrimidine or deoxyribose modifications, and DNA cross-links (Klaunig and Kamendulis 2004; Wozniak and Blasiak 2003) .
Pb(II) weakly interacts with G (N7 and C6 O atoms) and C (N3 and C2 O atoms), followed by the phosphate moiety (Da Costa and Sigel 2000; Knobloch et al. 2005) . Furthermore, Pb(II) interacts simultaneously with G and the phosphate group to form macro chelates (Da Costa and Sigel 2000) . It also interacts strongly with two neighbouring phosphates in solution (Knobloch et al. 2005) . Pb(II) also has a welldocumented propensity to form G-quartets, which are selfassembled G nucleoside square co-planar arrays of four G bases, in which each base is hydrogen bonded to its neighbours (Liu et al. 2009 ). Stacking of multiple G-quartets in DNA has been observed to produce interesting Gquadruplex structures (Simonsson 2001) . Pb(II) coordinated with eight oxygen atoms (of the C6 = O groups) displays geometries intermediate between cubic and a square ant-prisms, which resemble potassium complexes in nucleic acid structures (Kotch et al. 2000) . The potential for competitive analogue replacement of K with Pb may play a pivotal role in the genotoxicity of Pb. Additionally, coordination of the Pb(II) i o n a n d t h e t h r o m b i n -b i n d i n g a p t a m e r, ' T B A' , d(G2T2G2TGTG2T2G2) revealed that the cation binds between the two quartets in the Pb(II)-TBA complex and coordinates with the eight surrounding G O6 atoms. 
Barium and strontium
One study examining Z-DNA hexamers revealed Ba(II) ions possess eight coordination sites, such that a single cation coordinates to four water molecules, bridges two adjacent helices in the crystalline DNA and simultaneously coordinates with the O6 and N7 atoms of G bases (Gao et al. , 1995 Jean et al. 1993) . Ba(II) also bis-coordinates with aminohexyl-CGCGCG (m 5 CGm 5 CGTG), a Ba(II)-dependent crystal structure, without disrupting the Z-DNA lattice (Jean et al. 1993 ) (see Fig. 7 ). Both Sr(II) and Ba(II) cations complex with the O 2 sites of both U and T (Marino et al. 2010 ). This same study found C1-Sr(II) and C1-Ba(II) complexes are the most stable and therefore most likely to bind these complexes to C mono-coordinated ions with O-M(II)-bond lengths of 2.302 and 2.442 A.
Vanadium
It is possible that A BPs stabilises the V(III) oxidation state and with VCl 3 forms weak monomeric and dimeric complexes in the 1.8-4.5 pH range, depending on the concentration of V (Bukietynska and Krot-Lacina 2001) . VO(II) binds to DNA through G and A N-7 atoms and via the backbone PO 2 moieties. VO 3 − exhibits weaker binding through T, A and G BPs and essentially no interaction with the backbone phosphate group. The same study reported partial β-to α-DNA transitions occurring upon V-O complex formation, while DNA remains in the β-family structure in the VO 3 − complexes (Ouameur et al. 2006 ).
Antimony
Sb displays both acute and chronic toxicity, with suggestions that Sb(III) is 10× more toxic than Sb(V) (Filella et al. 2009 ). This is unsurprising since Sb(V) species do not interact with DNA (Li et al. 2011) . Sb(III) binds to the S atoms of C BP residues (Yan et al. 2000) Discussion This review has so far outlined and described the chemical properties of heavy metals with DNA. The observations argue that thymus genomic DNA is an effective and simple-to-use biological sensor to test for heavy metal ion toxicity in actual environmental water samples. This publication provided empirical evidence that genomic DNA could be used to detect toxicity of quite complex mixtures of chemical species. The chemical summaries presented in this review help to explain why some metal ions are more toxic than others. Foreman et al. showed that it is possible to demonstrate that simple quantification of the loss of fluorescence of acridine orange bound to calf thymus DNA. This loss is due to the toxic chemicals binding to the DNA and altering its structure. The drop-in fluorescence is approximately proportional to the total toxicity of the sample. The fact that this change in fluorescence can be detected in real time in the field using hand-held fluorimeters can be used to track down the source(s) of chemical toxicity in the field.
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